Since the emergence of cancer nanomedicine, researchers have had intense interest in developing nanoparticles (NPs) that can specifically target diseased sites while avoiding healthy tissue to mitigate the off-target effects seen with conventional treatments like chemotherapy. Initial endeavors focused on the bioconjugation of targeting agents to NPs, and more recently, researchers have begun to develop biomimetic NP platforms that can avoid immune recognition to maximally accumulate in tumors. In this review, we describe the advantages and limitations of each of these targeting strategies. First, we review developments in bioconjugation strategies, where NPs are coated with biomolecules such as antibodies, aptamers, peptides, and small molecules to enable cell-specific binding. While bioconjugated NPs offer many exciting features and have improved pharmacokinetics and biodistribution relative to unmodified NPs, they are still recognized by the body as "foreign", resulting in their clearance by the mononuclear phagocytic system (MPS). To overcome this limitation, researchers have recently begun to investigate biomimetic approaches that can hide NPs from immune recognition and reduce clearance by the MPS. These biomimetic NPs fall into two distinct categories: synthetic NPs that present naturally occurring structures, and NPs that are completely disguised by natural structures. Overall, bioconjugated and biomimetic NPs have substantial potential to improve upon conventional treatments by reducing off-target effects through site-specific delivery, and they show great promise for future standards of care. Here, we provide a summary of each strategy, discuss considerations for their design moving forward, and highlight their potential clinical impact on cancer therapy.
Nano Res. 2018, 11 (10) : 4999-5016 have developed nanoparticle-based medicines that have better pharmacokinetics and biodistribution than free therapeutic agents. However, even "stealth" nanomedicines accumulate substantially at off-target sites; therefore, recent research has been devoted to designing targeted nanoparticles (NPs) that can enable tumor cell-specific binding and uptake, which promotes nanoparticle retention in tumors following initial accumulation mediated by the enhanced permeability and retention effect. These targeted NPs are often designed to specifically bind to receptors that are overexpressed on cancer cells relative to healthy cells. For example, there are several well-known receptors that can be exploited for targeting, like epidermal growth factor receptor (EGFR) [1, 2] and human epidermal growth factor receptor 2 (HER2) [3] , but a myriad of novel overexpressed receptors have also been identified that are attractive alternative targets for new nanotherapeutics. Designing NPs to bind to cancer cell-specific receptors may improve upon conventional treatments by enhancing tumor retention to reduce off-target effects, and this strategy shows great promise for future clinical utility. In this review, we discuss the two main categories of targeted NP systems currently under investigation: bio-nanoconjugates and biomimetic NP platforms (Fig. 1) . Bio-nanoconjugates are NPs that are coated with biomolecular targeting agents such as antibodies, aptamers, peptides, or small molecules using a chemical linker (Table 1 and Fig. 1(a) ). Alternatively, biomimetic platforms are NPs that either present naturally occurring cellular structures with inherent targeting capabilities or are completely "disguised" by cellular structures to avoid immune recognition and provide improved delivery ( Fig. 1(b) ) [4] . Over the past two decades, there has been significant development of both targeting strategies, first in the bioconjugation realm and more recently in biomimicry. This is evidenced by the fact that the number of publications found in PubMed using the search terms "targeted nanoparticle" or "membrane coated nanoparticle" has increased dramatically since the year 2000 (Fig. 2) . Our goal in Figure 1 (a) Bio-nanoconjugates consist of nanoparticles physically tethered to targeting agents, which may be antibodies, aptamers, peptides, or small molecules. (b) Biomimetic nanoparticles consist of nanoparticles coated with natural cellular structures to prevent immune recognition, prolong circulation, and enhance tumor delivery. The two types of biomimetic nanoparticles are (i) nanoparticles that present specific cell constituents, and (ii) nanoparticles that are completely disguised by entire cell membranes or loaded within whole cells. this review is to provide insight into the benefits and limitations of both strategies so that researchers can understand progress in the field and incorporate this knowledge to engineer new and improved NP systems for cancer treatment.
Bioconjugation strategies
Antibodies, aptamers, peptides, and other small molecules are the most commonly employed targeting agents for NP bioconjugation and site-specific delivery (Table 1) [5, 6] . These targeting moieties are typically attached to the NP surface using a linker that bridges the NP surface with a functional group on the biomolecule (Fig. 3) . The most common linker used for bioconjugation is heterobifunctional poly(ethylene) glycol (PEG) because it is easily manipulated to have a variety of end functional groups and lengths that drastically impact targeting success. Many of the biomolecules described in this review can be used not only as targeting agents for NPs, but also as therapeutic payloads [7] [8] [9] , and this makes bioconjugated NPs very versatile and impactful tools for cancer treatment. Below, we review the progress, benefits, and limitations of bioconjugated NPs made with each of these types of targeting agents. Readers should refer to Table 1 for an overview of the advantages and disadvantages of each targeting agent described in this review.
Antibody targeting agents
Antibodies were among the first biomolecules explored as targeting agents for nanotherapies [10, 11] . Antibodies are beneficial targeting moieties because they have high specificity for their target, their production is well-established because some antibodies are already used as standalone therapeutics (as described later in this section), and they can easily be exchanged to target a variety of different cell surface proteins important for disease progression [12] . Additionally, the bioconjugation of antibodies to NPs typically involves simple chemical reactions. For example, for polymer particles, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) chemistry is commonly used to form an amide bond between exposed carboxylic acid functional groups on the surface of the NP and amine functional groups on the conserved fragment (Fc) of the antibody. With other common NP cores, like gold-based NPs, antibodies can be attached via heterobifunctional PEG linkers, where one end of the PEG molecule contains a sulfur group to form a gold-thiol bond with the particle surface, and the other end contains a group that can react with primary amines on the antibody, as described before. Further, for magnetic NPs such as iron oxide (which are particularly useful for contrast enhancement in dual imaging and therapeutic strategies), antibodies can be attached through an amidation reaction that uses EDC chemistry similar to that used for polymer particles [13] . Importantly, directionality of the antibody may play a role in its binding affinity, as the antigenbinding sites need to be accessible for efficient targeting [14, 15] . With the conjugation methods Nano Res. 2018, 11(10): 4999-5016 described previously, antibodies are randomly oriented, which reduces selective binding efficiency, may have a low coupling efficiency, and can result in NP aggregation [16] . With directional conjugation methods, antibodies are directly linked to the NP by the Fc region of the antibody, leaving the antigen-binding region unhindered [14] [15] [16] [17] . With these strategies, fewer antibodies are needed per NP to achieve the same targeting effect, thus reducing cost and enhancing performance [15, 17] .
One benefit of utilizing antibodies as targeting agents is that numerous formulations designed to bind a variety of overexpressed cell surface receptors are readily available. Two common targets for antibody-based NPs are EGFR, found in multiple epithelial cancers, and HER2, found in about 20% of breast cancers [18] . EGFR-targeting antibodies have been incorporated into NPs for the detection or treatment of lung, breast, and bladder cancer, among others [19, 20] . Herceptin, a HER2-targeting breast cancer therapy, is currently used in the clinic as an unconjugated therapeutic. Recently, however, this antibody and other anti-HER2 antibodies have been incorporated into NPs to enable cancer cell-specific binding and uptake for small interfering RNA (siRNA) delivery [21, 22] , drug delivery [23] , and photothermal therapy [10] . EGFR and HER2 are two examples of targets commonly employed for cancer therapies, but it is important to note that antibodies can be easily interchanged to target any overexpressed biomarker that is pertinent to a specific cancer.
Perhaps one of the most exciting features of antibodies is that, in addition to providing cell-specific binding, they can also confer a therapeutic benefit on the NPs. This is because, upon binding to their targeted receptor, antibodies (and antibody-NP conjugates) can competitively block signaling ligands from binding the receptor, leading to inhibition of the downstream signaling pathway [24, 25] . A major benefit of utilizing antibody-NP conjugates over freely delivered antibodies to elicit such signal cascade interference is that antibody-NP conjugates demonstrate multivalency, in which they have increased binding affinity for their target compared to free antibodies [6, 24, 26] . We and others have shown that this increased valency correlates with enhanced signal cascade interference [24, 27] .
Antibody-NP conjugates that continue to explore the benefits of combining multivalent targeting and signal cascade interference with the ability to specifically deliver a payload may be highly suited for the safe and effective treatment of a wide variety of cancers.
Overall, antibodies show substantial promise as targeting agents for NP delivery to tumors, but they are also limited by their large size, high cost, and immunogenicity (Table 1) . Accordingly, other agents have been explored for bioconjugation to NPs, and these are described in the following sections.
Aptamer targeting agents
Aptamers are synthetic oligonucleotides selected by "systematic evolution of ligands by exponential enrichment" (SELEX) technology that have extremely high affinity for their targeted protein [28] . Compared to antibodies, aptamers are easier to synthesize, are lower in cost, have lower immunogenicity, and can more easily penetrate tumors because of their smaller size. These features, coupled with their high target affinity, make aptamers ideal agents for NP targeting. Aptamers are usually attached to NPs by electrostatic interactions or covalent conjugation methods, similar to antibody conjugation [29] .
As synthetic molecules, aptamers can be easily made with site-specific modifications, and they can also be designed to target a variety of biomarkers. Notably, aptamers have been used not only to directly target markers on cancer cells, but also to target markers within the tumor microenvironment. For example, Hicke et al. showed that the TTA1 aptamer, which is specific to the extracellular matrix protein tenascin-C that is amplified in the tumor microenvironment, could be readily taken up by a variety of tumors, including glioblastoma, lung, colon, and breast cancers [30] . The ability to use a single type of aptamer to target various tumor types is an attractive strategy for developing new nanotherapeutics.
Much like antibodies, aptamers can be used not only as targeting agents but also as therapeutic entities [9, 29] . After being internalized by their target cells, aptamers (and aptamer-NP conjugates) can initialize apoptosis and alter oncogene expression [9] . Further, aptamer-NP conjugates are more effective than freely delivered aptamers because of the increased Nano Res. 2018, 11 (10) : 4999-5016 binding affinity afforded by the nanocarrier design. This was demonstrated by Odom and colleagues, who showed that gold nanostars decorated with AS1411 aptamers induce 1.5× higher caspase activity in cancer cells than ten times higher concentrations of free AS1411 aptamers [9] . The ability to use aptamers for both cell-specific targeting and therapeutic effects make them promising agents for targeted cancer nanotherapeutics.
Peptide targeting agents
Peptides, unlike aptamers, are naturally occurring ligands that have innate targeting capabilities, allowing them to specifically bind to cell surface receptors. They are frequently conjugated to NPs using aldehydeamine reactions with a reducing agent or, alternatively, thiolated peptides are attached to maleimidefunctionalized NPs [31] . Here, we describe some of the most common peptide targeting agents and briefly list their advantages and limitations.
One of the most frequently used targeting peptides is arginylglycylaspartic acid (RGD). This peptide motif is naturally occurring and especially important for cell adhesion to the extracellular matrix via the α V β 3 integrin. Many types of cancer, including skin, liver, and breast cancers, overexpress α V β 3 receptors, so targeting systems that use the RGD peptide show improved specificity for these tumors when compared to their non-targeted counterparts [32, 33] . In addition, NPs modified with RGD can efficiently deliver a variety of therapeutic molecules, including doxorubicin and siRNA, to tumors [33, 34] . Besides RGD, many other targeting peptides are in development for cancer therapies. As with antibody-based nanotherapeutics, EGFR is a common target for peptide-based therapies [35, 36] , but peptides have also been used for less common targets. The F3 peptide, for example, is able to target tumor vasculature in glioma and successfully localize therapeutic agents to the diseased site [37] . In addition, a plectin-1 derived peptide has been shown to uniquely bind to a new biomarker useful for treating early stage pancreatic cancer [38] .
As a whole, peptides are useful targeting agents for cancers that may require more specific selection of a chosen target. They can be easily identified using a combinatorial library method, a common practice in pharmaceuticals [39] . In addition, peptides have shown reduced levels of binding in the mononuclear phagocytic system (MPS) when compared to other targeting moieties, like antibodies [39] . However, peptides have not been as extensively studied in vivo as NP targeting agents, so their biodistribution and toxicology are relatively unknown [40] .
Small molecule targeting agents
Small molecules are a slightly larger class of targeting agents that encompasses many ligands or ligand mimics specific to cell surface receptors. One of the most well-established examples is folic acid, which binds the folate receptor that is found on the surface of many different types of tumor cells [41] . These moieties and others are typically conjugated to NPs using similar mechanisms to peptides as they can undergo the same chemical modifications.
As mentioned above, the folate receptor is highly overexpressed in a number of cancers and is a promising target for nanotherapeutics [42] . Folic acid has therefore been used to target NPs to cervical cancer [43] , liver cancer [44] , and breast cancer [45, 46] . In addition to folic acid, small molecules like the transferrin protein [47] , a ligand targeting prostatespecific membrane antigen [48] , and hyaluronic acid [49, 50] have all been explored as promising targeting agents for nanotherapeutics in a wide variety of cancer types. There are many naturally occurring ligands that are specific to a single receptor, so small molecule targeting agents are versatile in their applications. However, small molecules do not have as high affinity as some of the other agents discussed here, and their production is more complex, so their application may be limited to specific cases where their use is desirable over alternative agents.
Design consideration for bioconjugated NPs: Position of targeting molecules
In the above examples, we described systems wherein targeting agents were tethered to NPs in a manner that left them exposed on the particle surface and extended beyond any other coating on the NP that was intended to increase stability and circulation time. Placing targeting agents at the outermost position on Nano Res. 2018, 11(10): 4999-5016
NPs was originally thought to be necessary in order to preserve the biomolecules' function [51] , but an alternative strategy is to partially embed the targeting agents in the stealthing layer. For example, Zhou et al. found that by placing hyaluronidase within the PEG shell of their NP formulation, the cell-specific binding could be maintained while also extending the NPs' circulation time relative to NPs that had hyaluronidase positioned such that it extended past the PEG coating [52] . Maximizing circulation is imperative to increase the number of times NPs pass through tumors to potentially bind to their targeted receptor, so the position of targeting molecules on bioconjugated NPs is an important design parameter for researchers to consider. Based on the findings of Zhou et al., embedding targeting agents within stealth layers rather than leaving them exposed to the environment may be a promising strategy for future systems.
Recent transition in targeted nanomedicine: From bioconjugation to biomimicry
While bioconjugation is a promising and straightforward means of enhancing NPs' retention in diseased tissue, its clinical use is met by several limitations. First, targeting agents may improve NP retention in tumors, but not overall accumulation, because targeting agents will not bind to their intended cellular receptor until the NPs have already reached the tumor. A recent meta-analysis emphasized this point, as it revealed that active targeting agents yield only modest improvements in the percentage of administered NPs that are efficiently delivered to tumors [53] . A further complication is that targeting agents may even reduce NP diffusion into tumors, as targeted NPs with a high binding affinity for their intended receptor will be captured by cells at the tumor periphery before they can penetrate deeply into the tumor [54] . Finally, the most common linker used to attach biomolecules to NPs is heterobifunctional PEG, and targeted NPs are often also passivated with additional methoxy-PEG molecules to enhance their stability. However, new studies have shown that the body can develop an anti-PEG immune response [55, 56] , which may result in premature NP clearance. These findings have led researchers to begin exploring alternative strategies to enhance delivery of NPs to tumors. One particularly exciting approach involves designing NPs to "mimic" cells within the body, effectively hiding them from the immune system to prolong circulation time and enhance tumor delivery. For example, Discher and colleagues decorated NPs with CD47 "marker of self" peptides, which dramatically improved circulation and tumor retention [57] . Since then, an exciting new era of investigation has emerged in the realm of biomimetic NPs for targeted cargo delivery [58] [59] [60] [61] [62] [63] [64] [65] . These biomimetic NPs are either partially or wholly disguised with naturally occurring cellular components, and because the body no longer perceives the NPs as "foreign" they can avoid early clearance to accumulate in tumors at unprecedented levels.
Biomimetic strategies
In this section, we describe biomimetic NP platforms as two distinct categories (Fig. 4) : (1) NPs that present naturally occurring structures, and (2) NPs that are completely disguised by natural structures. The Nano Res. 2018, 11(10): 4999-5016 design features, benefits, and limitations of materials that fall into each of these categories are discussed in detail below.
Nanoparticles that present naturally occurring structures
NPs that present naturally occurring structures often use a single type of critical molecule, or a combination of a few types of critical molecules, derived from endogenous vesicles (cells, exosomes, etc.) to coat the NP and provide a unique targeting capability (Fig. 4(a) ). For example, as introduced above, NPs can be functionalized with CD47, a naturally occurring membrane protein considered a "marker of self", to help the particles avoid macrophage-driven clearance and thereby enhance cargo delivery to the diseased site [57] . Besides CD47, various other molecules can be decorated on NPs to avoid immune recognition and promote tumor retention. Researchers have taken inspiration from many endogenous materials, including viruses (reviewed elsewhere [60] ), high density lipoproteins (HDLs), and platelets, as described below.
HDLs are often referred to as one of "nature's nanoparticles", as they are endogenous NPs that are normally responsible for cholesterol transport within the body. Cancer cells have an increased need for cholesterol to maintain their membrane integrity and proliferate, so they overexpress scavenger receptor B1, which facilitates HDL binding, resulting in high accumulation of HDL at tumor sites [66] . Accordingly, NPs designed to mimic HDL can undergo HDL receptor-mediated uptake specifically in cancer cells [66] [67] [68] . This has been demonstrated using NPs coated with various combinations of apolipoproteins and phospholipids (which are the constituents of HDL), and these NPs have been used to mediate drug and nucleic acid delivery to tumors [66] [67] [68] .
In addition to designing NPs to mimic HDLs, researchers have also developed NPs to present components of platelets. Platelets have innate properties of immune evasion, long circulation times, and strong cell adhesion that are ideal characteristics for drug delivery [63] . Accordingly, researchers have coated NPs with CREKA, a clot-binding peptide that also has tumor-homing abilities, to create platelet-mimicking NPs [69] . This design allows the NPs to accumulate in tumors, where they form a synthetic clot, thus reducing the tumor's supply of nutrients [69] . Excitingly, the presence of these clots also attracts more synthetic platelets to the tumor site, resulting in enhanced therapy [69] . Moreover, if the NPs are loaded with drugs, they can provide drug delivery in addition to cutting off a tumor's nutrient supply [69] . The ability to use platelet-mimicking NPs for multifaceted therapy makes them highly desirable for cancer nanomedicine.
In summary, NPs designed to present naturally occurring structures show substantial promise as targeted nanomedicines. However, NPs that utilize simple presentation as a biomimicry strategy cannot fully replicate the complexities of the structures they are attempting to imitate. Thus, techniques to fully disguise NPs with biological materials have been explored, as described in the following section.
Nanoparticles that are disguised by naturally occurring structures
Nanoparticles that are completely disguised by naturally occurring structures fall into two main subcategories. The first consists of individual NPs that are wrapped with cell-derived membranes (Fig. 4(b) ), and the second consists of entire cells that are filled with NPs and used as "Trojan horses" to shuttle the NPs into tumors (Fig. 4(c) ). Wrapping NPs with cell-derived membranes or camouflaging NPs within cells provides the benefit that no foreign material is "seen" by the body, as the outer layer is a biological membrane containing numerous "markers of self". This effectively hides the NPs from the immune system and allows them to accumulate in tumors at previously unrealized levels, as discussed in detail for each type of system below.
Membrane-wrapped nanoparticles
One approach to disguise NPs with natural structures is to coat them with cell-derived membranes (Fig. 4(b) ), and this unique targeting strategy has been met with great enthusiasm. In this method, the outer membranes of source cells are separated from their Nano Res. 2018, 11(10): 4999-5016 intracellular contents, and then the membranes are wrapped around synthetic NPs via electrostatic interactions [65, 70] . One of the first types of NPs made using this strategy was poly(lactic-co-glycolic acid) (PLGA) NPs coated with red blood cell (RBC) membranes, as RBCs are "nature's long-circulating delivery vehicles" [64, 71] . Impressively, the half-life of RBC-wrapped NPs in blood is more than double that of PEG-coated NPs [64] , and Luk et al. found that RBC membrane-coated NPs delivering doxorubicin as their cargo could double the survival time of mice bearing lymphoma tumors [71] . These exciting results demonstrate the immense potential of using membrane-wrapped NPs for tumor targeting.
Following the initial development of RBC-mimetic NPs, the membrane wrapping technique was rapidly extended to other membrane coatings such as those derived from platelets [61, 63] , stem cells [72] , leukocytes [73] , and more [74] . The advantage of these systems, as compared to RBCs, is that they offer a level of tumor cell-specific binding in addition to long circulation. For example, as introduced above, platelets can effectively accumulate in tumors, and in fact, platelet membrane-wrapped NPs functionalized with tumor necrosis factor related apoptosis-inducing ligand (TRAIL) cytokines and loaded with doxorubicin cargo have been used to treat primary tumors in mice [75] . Additionally, platelet membrane-wrapped NPs have also been used to kill circulating tumor cells (CTCs) [59] . Since CTCs normally bind platelets as a mechanism of shielding themselves from the immune system, platelet membrane-wrapped NPs can bind CTCs to deliver their cargo, effectively killing the CTCs, and this can lead to reduced metastasis formation [59] .
Similarly, membranes derived from mesenchymal stem cells (MSCs) [76, 77] and leukocytes (which includes monocytes and macrophages) [73, 78] have also been used to wrap NPs. The rationale for this was that these cells can naturally traffic to tumors via chemotaxis and strongly bind to cancer cells via unique cell-cell interactions [55, 77, 79] . Although it is unclear how well the extracted membranes retain these properties of the host cells, each of these membrane-wrapped NPs have been shown to display better tumor delivery than their non-wrapped counterparts, demonstrating the power of this technology. Notably, membranes for NP wrapping can be derived not only from entire cells, but also from extracellular vesicles such as microvesicles, exosomes, and outer membrane vesicles [80] [81] [82] [83] [84] [85] . Additionally, researchers have shown that cell engineering approaches can be used to modify membrane coatings and impart wrapped NPs with capabilities beyond those native to the source cells [86] . Further, hybrid coatings can be created by simultaneously wrapping NPs with membranes derived from two different cell types. For example, NPs have been coated with both RBC and platelet membranes simultaneously to provide both long circulation and enhanced tumor cell binding [61] . To date, membrane-wrapped NPs have been utilized for applications including tumor-specific drug delivery [55] , anticancer vaccination [55] , and photothermal therapy [87, 88] , and it is likely that the number of therapies being developed based upon this technique will grow rapidly in the coming decade.
Finally, another method of actively targeting both primary tumors and CTCs using biomimetic NP platforms is through wrapping NPs in cancer cellderived membranes [62, 89, 90] . The key advantage of cancer cell membrane-wrapped nanoparticles (CCNPs) is that they can mediate "homotypic targeting", the preferential delivery to homologous tumors in vivo (i.e., tumors that match the cell type used to create the membrane coating) [88, 90] . This homotypic targeting capability has been demonstrated in both in vitro and in vivo models of breast cancer [88, 90] , hepatocellular carcinoma [62] , and squamous carcinoma [62] . For example, Sun et al. showed that CCNPs coated with membranes derived from 4T1 breast cancer cells could increase the dose of paclitaxel delivered to 4T1 tumors in mice 4.3-fold relative to unwrapped NPs [89] . In an even more impressive finding, CCNPs were shown to preferentially accumulate in homologous tumors in vivo even in the competition of a heterologous tumor [62] . While the mechanisms of this homotypic targeting have not been fully elucidated, it is known that tumor cells strongly adhere to one another to promote the development of primary tumors and metastases [89] ; therefore, CCNPs' unprecedented Nano Res. 2018, 11(10): 4999-5016 "homing" capabilities are likely mediated by selfrecognition proteins found on cancer cell membrane surfaces. Additionally, it is possible that CCNPs can avoid immune recognition to enhance tumor delivery since cancer cells elicit immune tolerance, immunesuppression, and immunosenescence [62] . However, it is unknown to what extent cell-derived membranes and membrane-wrapped NPs retain the immune evasion properties of their source cancer cells. More research needs to be done to examine the differences between CCNPs and cancer cells to fully understand the mechanisms of homotypic tumor targeting.
In summary, membrane-wrapped NPs show substantial promise as tools for tumor-specific therapy. They have been used for a variety of applications in pre-clinical testing, and given the rapid progress and excitement regarding these nanomaterials, it is expected that their development and implementation for human use will continue at an extraordinary pace. Next, we discuss a similar biomimetic targeting strategy, in which groups of NPs are carried by single cells that serve as "cellular Trojan horses" or "cellular backpacks".
Cellular Trojan horses and cellular backpacks
In contrast to membrane-wrapped NPs, wherein a single NP is "cloaked" with a biological membrane, cellular Trojan horses and cellular backpacks consist of many nanoparticles carried within a single intact cell or on a single intact cell, respectively, with no change to its normal function (Fig. 4(c) ) [91] [92] [93] . MSCs [92, 94] , monocytes [93] , macrophages [79, 95] , and T cells [91, 96] have all been explored for this unique biomimetic targeting strategy.
The advantage of using cells such as MSCs, macrophages, and T cells as cellular Trojan horses is that they are naturally recruited to tumors [92, 93, 97] . Additionally, these cells readily endocytose NPs, so NP cargo can be easily loaded into these cells in vitro [92, 93] . The cellular carriers can then be systemically injected and will effectively shuttle their cargo into tumors without the NPs being detected by the body [92, 95] . This allows the NPs to remain non-toxic to the host until they have reached the tumor tissue [93] .
Various types of NPs have been loaded into cellular Trojan horses for therapeutic applications. For example, biocompatible poly-lactic acid and lipid NPs have been introduced into MSCs and subsequently delivered by the MSC carriers to a variety of tumors, including glioma [94] , lung adenocarcinoma [92] , and ovarian cancer [92] , showing the versatility of this targeting approach. Similarly, macrophages have been filled with doxorubicin-loaded NPs and gold nanoshells for delivery into glioma and breast cancer tumors, respectively [93, 95] . Likewise, T cells loaded with gold NPs have been shown to deliver four-fold more NPs into large cell lymphoma tumors than NPs not disguised by a cell [91] . One advantage of T cells as cellular Trojan horses is that they can be more easily expanded in culture than MSCs and macrophages while retaining their "homing" function, making their implementation more practical. Additionally, it has been shown that T cells loaded with NPs can continue to exhibit their normal anti-tumor functions, allowing them to provide multi-faceted therapy [91, 96] . Specifically, T cells' ability to migrate to tumors via chemotaxis and produce IFN-γ were unaltered after loading with gold NPs [91] .
Similar to cellular Trojan horses, cellular backpacks or cellular patches have also been explored for NP delivery using T cells [98] and MSCs [99] because of the innate properties of the host cells. In this approach, NPs are conjugated to the surface of the cells through functionalization of the cell surface and subsequent incubation with NPs modified with an appropriate linker. For example, human bone marrow-derived MSCs have been decorated with NeutrAvidin-coated NPs and shown to retain their tumoritropic properties in a three-dimensional (3D) extracellular matrix, demonstrating the utility of this strategy as a delivery mechanism [99] . However, cellular backpacks do not have the advantage of cloaking NPs as cellular Trojan horses do. Thus, the NPs and any cargo they carry may be more susceptible to degradation or clearance as they are recognized within the body.
Overall, the cellular Trojan horse and cellular backpack strategies are clever ways to effectively hide NPs from the body to promote tumor delivery, but will face similar regulatory hurdles as the membrane-wrapped NP approach. We discuss these hurdles in more detail in the following sections, while also summarizing translational considerations for all of the materials discussed in this review.
Considerations for the development of bioconjugated and biomimetic nanoparticles
Bioconjugation and biomimetic strategies have different advantages and limitations given how they interact with the body, and some of these have been elaborated upon in the preceding sections. Important considerations for designing targeted NPs that apply to both systems include the immunogenicity of the coatings, how these coatings impact the particles' pharmacokinetics and biodistribution, the affinity of the targeting agents, the method and rate of particle internalization by cells, and the method of cargo release. Ideal targeted systems should have limited immunogenicity, long blood retention to maximize the number of times nanoparticles pass through a tumor in circulation, high affinity for their target, efficient and specific uptake by diseased cells, and a controlled release mechanism for the payload that ensures it is delivered at the right intra-or extracellular site. Below, we elaborate on these considerations in more detail.
One major design consideration for any cancer therapy is avoiding immune recognition. Intravenously injected NPs are often taken up by macrophages in the bloodstream or in the tumor microenvironment, and subsequently cleared to the liver and spleen. In comparison to targeted NPs that utilize bioconjugation methods, biomimetic strategies yield NPs that are less likely to be taken up by macrophage-like cells because they contain "markers of self" that reduce their recognition [63] . Further, cancer cell membranewrapped NPs can avoid immune recognition by retaining some of the immune evasion properties of their source cancer cells [62] . In general, targeted NP systems that are created from patient-specific cells will have a reduced likelihood of being taken up by macrophage-like cells and tagged for clearance [82] . However, the ability to obtain patient cells to synthesize these nanotherapeutics may be a substantial manufacturing challenge. Moving forward, researchers should investigate whether donor cells could be utilized to make membrane-wrapped NPs or cellular Trojan horses/backpacks, or they should develop methods to effectively and rapidly expand patient-specific cells.
In addition to avoiding immune recognition, maximizing binding and uptake by the desired cells is another critical design consideration for targeted nanotherapeutics. Table 1 summarizes the binding affinity of the biomolecular targeting agents used in bioconjugation strategies that were discussed in this review. In particular, aptamers have impressive affinity for their target. As they are isolated via an evolution-based method, their sequence, and thus specificity, can be tuned. For all bioconjugated NPs, perhaps the most tunable factors are the type of linker used and the orientation of the targeting molecule on the NP surface. These factors can both affect the availability of the functional region of the targeting agent, which will impact binding affinity. This has especially been demonstrated with antibodies, as was discussed previously. Notably, the type of targeting agent utilized may also impact the method and rate of cellular uptake. For example, scavenger receptormediated endocytosis is common for NP uptake, but with certain targeting moieties, cell uptake can be receptor-specific [100, 101] . The method of cellular uptake is an important consideration because it may ultimately dictate the final intracellular fate of the nanoparticle (i.e., within endolysosomal compartments, the cytosol, or the nucleus). If the type of cargo being carried by the NP needs to be delivered to a specific site within a cell, this is an important consideration that may ultimately impact the success of a targeted nanomedicine. Finally, regardless of whether a bioconjugation or biomimetic strategy is utilized for targeting, NPs that incorporate a controlled release method for delivering their cargo are ideal for reducing off-target side effects. Typical payload release strategies include passive diffusion of drugs from the NP, but other NPs have been developed to be stimuli-responsive [102] . There are many biological and external stimuli that can be used for triggered cargo release [103] , but two of the most commonly used stimuli are changes in pH and externally applied light. pH is a natural choice for a cargo release stimulus given the reduced pH in the tumor microenvironment and intracellular compartments [100] . As an external stimulus, light provides a significant level of control over the site and timing of payload release. In this approach, light of a specific wavelength is used to cleave a linker tethering a Nano Res. 2018, 11 (10) : 4999-5016 cargo to its carrier, and this causes the therapeutic molecule to be released and active only in areas that are irradiated [104] . As a result, the therapeutic ratio of these molecules is dramatically improved.
By taking into account the design considerations discussed here, future nanomedicines can be designed and implemented to dramatically improve patient outcomes. Below, we discuss the potential clinical impact of targeted nanomedicines and the future directions for optimal NP platform development.
Clinical impact of targeted nanoparticles
The potential clinical impact of targeting therapies specifically to cancer cells is widely recognized both by researchers and clinicians, and many cancers previously treated with chemotherapies have transitioned to treatments involving targeting agents. Monoclonal antibodies, for example, are often used for cancer treatment because they can specifically target receptors that are overexpressed on diseased cells compared to healthy cells. Currently, monoclonal antibodies are used to treat breast cancer (trastuzumab), chronic lymphocytic leukemia (alemtuzumab), and Hodgkins lymphoma (brentuximab vedotin), among others [105] . The widespread use of monoclonal antibodies in a variety of cancers is due to their high specificity towards their target and the subsequent anticancer effects. However, the clinical use of monoclonal antibodies and other targeting agents is met with limitations such as off-target side effects, high required treatment dosages, and low binding affinity to their targeted proteins. Antibody-NP conjugates overcome many of these limitations by increasing tumor-specific uptake [106] , enhancing binding affinity between antibody and receptor [24, 26] , and decreasing required treatment dosages [24] . Although the majority of NPs currently investigated in the clinic are not targeted, recently several targeted formulations have been introduced to enhance tumor-specific binding, uptake, and retention.
Although targeted nanosystems are yet to be approved by the FDA, there are a few currently in Phase I and II clinical trials (Fig. 5 and Table 2 ) for a variety of solid tumor cancers, some of which are showing great promise [107] . Of the actively targeted Figure 5 The distribution of the types of actively targeted nanoparticles in clinical trials from 2000 to present. Antibodies were the most prevalent targeting agents during this time. Clinical trials were found at https://clinicaltrials.gov/ and filtered with the following search terms: cancer, nanoparticles or nanomedicine, target or targeted, peptide or proteins, and membrane wrapped or coated. Nanoparticles found by the search that were only passively targeted were excluded from the analysis to create this chart.
nanomedicines in clinical trials, antibody-based formulations are the most prevalent (Fig. 5) . The common goal of these targeted systems is to improve upon tumor-specific delivery of the loaded cargo [106, 108] . For a thorough discussion of targeted NPs currently under investigation in clinical trials, readers should refer to recent reviews by Sonna et al. [106] and Anselmo et al. [107] . The majority of targeted NPs currently in clinical trials are either liposomal or polymeric because these materials are biocompatible and porous, thus enabling passive diffusion of the loaded cargo following delivery to the tumor site. Harder materials, such as gold, have been extensively studied for active targeting in preclinical applications [24, 109, 110] , so it is expected that these types of materials will appear in clinical trials in the near future.
There are several challenges to the clinical translatability of targeted NPs. First, targeting agents change the pharmacokinetics of NPs and their cargo. This requires researchers to thoroughly characterize and evaluate the biodistribution, release kinetics, and therapeutic efficacy of every unique NP formulation rather than only the naked therapeutic entity [108] . Second, solid tumors contain a very heterogeneous population of cells that express a wide variety of cell surface receptors that each influence tumor growth through different downstream signaling pathways. The anticancer effects of NPs that target only one cell surface receptor may therefore be limited. To overcome this challenge, NPs that target a variety of biomarkers Nano Res. 2018, 11 (10) : 4999-5016 should be clinically investigated. In addition to promoting tumor retention, these multi-targeted NPs may be able to inhibit cross-talk between several oncogenic signaling pathways, resulting in improved therapeutic outcomes. Note that biomimetic membranewrapped NPs will inherently target a variety of cell surface receptors, and this may be an advantage of these systems relative to NPs coated with a single type of biomolecular targeting agent. While a few platforms have been developed to target several biomarkers, they have not yet been introduced in the clinic. A final consideration for the clinical impact of targeted NPs is that the cost of production is often higher than non-targeted NPs or free ligands due to losses during NP synthesis and purification. However, this issue is counterbalanced by the fact that NPs containing targeting agents typically require lower treatment doses than their untargeted constituents, which can ultimately save costs for both pharmaceutical companies and patients.
Although biomimetic NPs have not yet appeared in the clinic, several particle designs for cancer treatment are currently in preclinical development [4, 111] . NP-carrying bacteria, for example, are being investigated for tumor-specific delivery of drugs, but their clinical implementation is limited by safety considerations such as gene transfer to healthy cells and environmental impacts associated with the production and generated waste of the bacterial carriers [112] [113] [114] . In addition to bacteria, other biomimetic NPs that were previously discussed in this review, such as HDL-mimicking particles, provide inherent benefits for drug delivery, particularly their natural affinity towards targets that are overexpressed on cancer cells. However, these NP carriers may also lead to off-target side effects, since they can specifically bind to their natural targets on healthy cells, thus delivering their loaded cargo to non-diseased tissues. As researchers are developing platforms that replicate natural structures for cancer treatment, it is critical to consider the off-target side effects due to their innate binding that can hinder therapy success.
Cell membrane-wrapped NPs are another class of biomimetic NPs currently being investigated in pre-clinical trials. These NPs are ideal for drug delivery to tumors because they imitate the natural presentation of native cells, and therefore are generally accepted by the host with minimal phagocytic uptake. They can also effectively deliver their cargo to diseased tissues by exploiting cells' natural interactions with other cells and tissues [115] . The clinical translatability of membrane-wrapped NPs, however, is met with [116, 117] . First, cell membrane wrapping is innately heterogeneous because each cell may express different levels of biomarkers and present them differently. This heterogeneity is a key difference from the standard production and quality assurance procedures followed for other targeting agents (for example, monoclonal antibodies). Further, the heterogeneity in membranewrapped NPs makes it very challenging to control the batch-to-batch consistency of the particles [116] . Therefore, the supply chain of membrane-wrapped NPs is challenged by heterogeneous batches, mass production, and high testing costs [115] . In addition to supply and production issues, there are also regulatory hurdles that need to be accounted for in the clinical use of membrane-wrapped NPs. For example, the use of biological coatings raises safety concerns such as off-target effects and nonspecific toxicities to healthy tissues that are innate targets for the surface proteins wrapped onto the NPs, particularly since these platforms target numerous biomarkers. With these considerations in mind, we anticipate that the clinical translatability of biomimetic NPs will require new regulatory standards and toxicity analyses to ensure therapeutic efficacy and safety.
As the research and development of targeted NPs reaches clinical stages, we can expect the market value of nanomedicines to exponentially increase. According to the BBC, the Advanced and Targeted Drug Delivery Market, which was valued at $168 billion in 2016, is projected to grow to $319 billion by 2021 [118] . Further, the global nanomedicine market is expected to reach $350.8 billion by 2025, with a compound annual growth rate of 11.2% [119] . The substantial growth expected for the NP market, and targeted drug delivery in particular, truly demonstrates the market potential and the need for new therapies to be introduced into the clinic that are more cost effective and cause fewer side effects than currently available cancer therapies.
Future outlook
While it will take further experimentation and optimization to perfect the systems discussed in this review, there is substantial potential in the future outlook for both bioconjugation-based and biomimetic NP platforms. As mentioned in the preceding sections, researchers are actively investigating the use of targeting agents for both cell binding and signal cascade interference, and such multifaceted approaches have the potential to notably enhance the therapeutic effect of current NP systems. By optimizing the design considerations discussed in this review and exploring the realm of combination therapy, researchers can develop NPs that better address the heterogeneous needs of cancer therapy and allow nanomedicine to reach its full potential.
Beyond using targeted NPs to study and treat cancer, there are a wide range of other diseases that could benefit from targeted nanomedicines, including atherosclerosis; fibroproliferative lung, kidney, and joint diseases; and hemophilia [120] . Expanding the bioconjugation and biomimicry techniques already being used for cancer nanomedicine to create NPs to target different diseases may result in faster solutions. However, when developing any of these treatments, it is important to keep the scalability and reproducibility of the NPs in mind for manufacturing purposes. In summary, there has been great progress in developing targeted nanotherapeutics via bioconjugation or biomimetic strategies over the past several decades, but there is still much more to be done to reach the eventual goal of safe, specific, and effective cancer treatment through nanomedicine.
